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To  assess  both  past  and  future  responses  of the  coupled  terrestrial  water  and  carbon  cycles  to  climate
change  and  variability,  it is important  to characterise  the  sensitivities  of  water  and  carbon  ﬂuxes  and
stores  to  long-term  changes  in drivers  such  as precipitation  (P),  temperature  (T)  and  CO2 concentration.
Here  we quantify  observed  sensitivities  using a well-calibrated  terrestrial  biosphere  model  and  data  for
the  Australian  continent,  and  thereby  infer  likely  changes  to the  water  and  carbon  cycles  under  speciﬁed
scenarios  for  future  changes  in the  drivers.  We  ﬁnd:  (1)  evapotranspiration  (ET)  has  a  large  positive
sensitivity  to  P, a positive  sensitivity  to  T, and  a negative  sensitivity  to  CO2 through  increased  plant  water
use  efﬁciency  with  rising  CO2. Consequently,  likely  changes  in  T and  CO2 over  the  next  half  century  will
have  opposite  and nearly  cancelling  effects  on ET.  (2)  Runoff  has  a  large  sensitivity  to P (positive)  and
signiﬁcant  sensitivities  to T (negative)  and  CO2 (positive).  These  sensitivities  are  largest  in cool  temperate
regions,  where  major  contributors  to  likely  long-term  changes  in  runoff  are  decreased  P  (where  a 5%
rainfall  reduction  would  lead  to a 12%  decrease  in  runoff),  increased  T (with  a warming  of  1.5  K leading
to  an  additional  6%  decrease  in  runoff),  and  response  to CO2 (with  an  increase  of  100 ppm  causing  an
offsetting  6%  increase  in  runoff).  (3)  Sensitivities  of  soil moisture  to P, T and  CO2 have similar  signs  and
spatial  patterns  to  those  for  runoff,  but are  smaller  in  magnitude  by  a factor  of 5–10.  (4)  In the  terrestrial
carbon  cycle,  net  ecosystem  production  (NEP)  is  increased  by  rising  CO2 but  simultaneously  reduced  (and
nearly  cancelled  in  likely  scenarios)  by warming.
 . Introduction
The terrestrial water and carbon cycles respond to climate
hange and variability through a set of coupled physical and
hysiological processes. Prominent among these are (1) the joint
ontrol of transpiration and CO2 assimilation by plant stomata
Wang and Leuning, 1998; Leuning et al., 1998; Tuzet et al., 2003);
2) feedbacks between surface temperature, evaporation and CO2
ssimilation (Raupach, 1998); (3) effects of temperature and mois-
ure on soil evaporation (Haverd and Cuntz, 2010); and (4) effects
f temperature and moisture on soil respiration of CO2 (Lloyd
nd Taylor, 1994). The main physical drivers of these interacting
rocesses – precipitation, light, temperature, humidity and CO2
oncentration – are all affected by climate change, leading to a range
f coupled responses in water and carbon cycles.
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For the terrestrial water cycle, a major hypothesised response
to anthropogenic climate change is an increase in runoff, caused
both by a global intensiﬁcation of the water cycle in response
to warming (Labat et al., 2004) and also by local-scale increases
in plant water use efﬁciency in response to rising CO2 (Gedney
et al., 2006; Betts et al., 2007). While there is observational evi-
dence for such an increase in globally aggregated terrestrial runoff
(Labat et al., 2004), regional changes in runoff are expected to be
strongly heterogeneous because of regional differences in precipi-
tation changes. In particular, drying trends are both expected and
observed in subtropical regions such as Southern Australia (Larsen
and Nicholls, 2009; Ummenhofer et al., 2011), leading to runoff
reductions (Chiew et al., 2009b).
For the terrestrial carbon cycle, a major response to anthro-
pogenic forcing is the existence of a global terrestrial carbon sink
that removes over a quarter of total anthropogenic CO2 emissions
from the atmosphere (with the oceans removing another quarter)
(Le Quéré et al., 2009). Among several mechanisms, a major contrib-
utor in all attributions is CO2 fertilisation, the effect of rising CO2 on
 
Open access under CC BY license.terrestrial gross primary production (GPP) and net primary produc-
tion (NPP = GPP − plant respiration). Heterotrophic soil respiration
(RH) is also affected by climate change through both soil temper-
ature and moisture, leading to complex regional patterns for net
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cosystem production (NEP = NPP − RH) and net biome production
NBP = NEP − disturbance ﬂuxes).
In the past, it has been usual to undertake separate assessments
f the responses of the terrestrial water and carbon cycles to climate
hange and variability, respectively in the hydrological literature
for instance, Chiew et al., 2009b) and biogeochemical literature
for instance, Friedlingstein et al., 2006; Sitch et al., 2008). However,
here are both modelling and observational reasons for considering
he water and carbon cycles together. From a modelling perspec-
ive, numerous process interactions between the water and carbon
ycles must be considered in order to model either cycle reliably,
s sketched in the opening paragraph. From an observational per-
pective, these interactions mean that observations of each cycle
onstrain the other, with the aid of model-data fusion approaches
Raupach et al., 2005; Haverd et al., 2013a).
In this paper we undertake such a coupled investigation of the
ensitivities of the major ﬂuxes and stores in the terrestrial water
nd carbon cycles to driving variables, primarily precipitation (P),
emperature (T) and CO2 concentration (CO2), but also solar irra-
iance and wind speed, together with leaf area index (LAI), an
ndogenous variable that is directly observable.
The study is motivated by four related questions:
. There is controversy over whether warming leads to increased ET
in southeast Australia, as maintained by some on simple heuris-
tic  grounds (Karoly et al., 2003; Nicholls, 2004) but disputed
elsewhere (Lockart et al., 2009). What is the sign and space–time
pattern  of the sensitivity of ET to temperature, and how does
this  sensitivity compare with the sensitivity of ET to other major
drivers,  including precipitation and CO2?
.  It is already well known that runoff is highly sensitive to precip-
itation  and that projected declines in precipitation in southeast
Australia will proportionally reduce runoff by about three times
as  much as the decline in precipitation (Chiew et al., 2009b),
an  effect that has been termed the “rainfall-runoff ampliﬁer”
(Raupach, 2010). How much do other drivers (especially but not
only  temperature and CO2) affect the gain of the ampliﬁer?
. What are the effects of changes in all drivers on soil moisture? In
particular, how much does warming exacerbate soil-moisture-
related drought – substantially (Dai et al., 2004) or insigniﬁcantly
(Shefﬁeld et al., 2012)?
. How do the major climatic drivers affect NEP and its compo-
nent  ﬂuxes, NPP and RH, across the Australian continent (and
by  extension in similar semi-arid regions elsewhere), and what
are  the consequences for rates of carbon accumulation in the
Australian  biosphere?
The ﬁrst three of these questions focus on the water cycle,
espectively through evapotranspiration (ET), runoff and soil mois-
ure. The last focuses on the carbon cycle, through NEP and the total
errestrial carbon store.
The paper is structured as follows: after this introduction, Sec-
ion 2 outlines theory and the model and observations used here.
ections 3 and 4 respectively present results for the water cycle,
ith foci on ET, runoff and soil moisture, and for the carbon cycle,
ith foci on NEP and the soil carbon store. Sections 5 and 6 respec-
ively discuss results and summarise conclusions.
. Theory, model and data
.1. Mass balances for water and carbonA simpliﬁed mass balance for terrestrial water is
dw
dt
= p − e − q = p − (eTrans + eSoil) − q (1)Meteorology 182– 183 (2013) 277– 291
where w is total column soil moisture store, and p, e and q are
respectively the water ﬂuxes due to precipitation, total evapora-
tion or evapotranspiration (ET), and total runoff or outﬂow from
the soil column. Total runoff includes surface runoff, deep drainage
to groundwater, and the divergence of lateral water ﬂows in the
soil. ET is the sum e = eTrans + eSoil of transpiration and soil evapora-
tion. All stores and ﬂuxes are functions of space and time, resolving
landscape heterogeneity and the diurnal cycle. Throughout, lower-
case letters denote space–time-resolved variables; corresponding
upper-case letters will later denote temporal and spatial averages.
At a similar simpliﬁed level, the mass balance for terrestrial
carbon is
d(cPlant + cSoil)
dt
=  fNPP − fRH − fDisturb = fNEP − fDisturb = fNBP (2)
where the total terrestrial carbon store is the sum (cPlant + cSoil) of
plant and soil C stores, and carbon ﬂuxes (denoted by f) arise from
net primary production (NPP), heterotrophic respiration (RH) and
disturbance, with net ecosystem production NEP = NPP − RH and
net biome production NBP = NEP − disturbance. Disturbance ﬂuxes
include ﬁre, harvest offtakes, waterborne and windborne transport
ﬂux divergences, and ﬂuxes from land use change.
2.2. Model and data
The  ﬂuxes and stores in the coupled carbon and water cycles,
Eqs. (1) and (2), were simulated using a modiﬁed version of the
CABLE land surface model in the BIOS2 modelling environment, fol-
lowing Haverd et al. (2013a,b) where full details are given. BIOS2 is
an ofﬂine environment for modelling the coupled energy, water and
carbon balances of the Australian continent, at ﬁne spatial (0.05◦,
∼5 km)  and temporal (hourly) resolutions. The land surface model
in BIOS2 is CABLE v1.4 (Wang et al., 2011), modiﬁed by replace-
ment of the default CABLE soil and carbon modules (Wang et al.,
2011) by the SLI soil model (Haverd and Cuntz, 2010) and the CASA-
CNP biogeochemical model (Wang et al., 2010). Only the carbon
dynamics in CASA-CNP are used in this work; nutrient (N and P)
dynamics are not considered. CABLE includes vertical resolution of
soil heat and water stores into multiple layers to depth 10 m and
CASA-CNP resolves three carbon stores that differ by turnover time;
for simplicity, Eqs. (1) and (2) aggregate these stores into total soil-
column stores. The BIOS2 environment provides CABLE with (1)
efﬁcient infrastructure for the treatment of inputs (gridded vege-
tation data, meteorological data and parameters) and outputs at
ﬁne space–time resolution, based on developments for the Aus-
tralian Water Availability Project (AWAP) (Raupach et al., 2009); (2)
a weather generator for downscaling of daily meteorological data
to the hourly model time step; and (3) model-data fusion capability.
Model parameters were estimated by constraints from multiple
data sets on ﬂuxes and stores in both the water and carbon cycles
(Haverd et al., 2013a): (1) streamﬂow from 416 gauged catchments;
(2) measurements of ET and NEP from 12 eddy-ﬂux sites; (3) lit-
terfall data, and (4) data on carbon pools. This use of multiple
constraints provides safeguards against bias from any single data
type. With parameters estimated in this way, evaluation of BIOS2
against a wide range of data on water and carbon ﬂuxes and stores
(extending far beyond the data sets used for parameter estimation)
yields satisfactory model-measurement agreement (Haverd et al.,
2013a).
The reference run of BIOS2 for this work is a 213-year run from
1799 to 2011, at full spatial and temporal resolution, as in Haverd
et al. (2013b). Speciﬁcally:• Forcing  meteorological data for precipitation (p), temperature ()
and solar radiation (s) were from AWAP (Jones et al., 2009), with
downscaling  from daily to hourly (see above). Observed p and
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tFig. 1. Regions used in this p
 were used from 1911 on, and cyclic 1911–1949 data prior to
1911.  Satellite-based observations of s (Grant et al., 2008) were
used  from 1990 on, and cyclic 1990–2000 data prior to 1990. The
cyclic  use of recent p,  and s data to extend the record back in
time  has a negligible effect on our conclusions.
Wind  speeds (u) were prescribed as in Haverd et al. (2013a), with
separate  values for daylight (3 m s−1) and night hours (1 m s−1),
constant  in both space and time. This was done because of the lack
of an adequate wind speed dataset comparable with the AWAP
data  for p,  and s, and because of the low sensitivity of results to
wind  speed as demonstrated below.
Data  for atmospheric CO2 (cA), as in Haverd et al. (2013b),
used annual deseasonalised CO2 from the Law Dome ice core
(MacFarling Meure et al., 2006) prior to 1959, and global in situ
observations  (Keeling et al., 2001) from 1959 onward.
Soil and vegetation properties were speciﬁed as in Haverd et al.
(2013a), with spatially variable and temporally constant soil
properties,  and a satellite-based leaf area index (LAI) derived
from  satellite data on fraction of absorbed photosynthetically
active radiation (FAPAR), extended into the past assuming a reg-
ular annual cycle. Agricultural land use is not treated explicitly in
BIOS2.
CASA-CNP carbon pools (slow variables) were initialised for 1799
by spinning the model 200 times over a 39 years period using
NPP  generated from CABLE with atmospheric CO2 ﬁxed at the
preindustrial value of 280 ppm, and 1911–1949 meteorology. Soil
moisture pools (fast variables) were initialised using a single run
of CABLE with 1911–1949 meteorology.For  regional assessment, the Australian continent is partitioned
s in previous work (Haverd et al., 2013a) into six regions (Fig. 1)
ith internally similar climate and biophysical characteristics:
ropics, savanna, warm temperate, cool temperate, Mediterranean,after Haverd et al., 2013a,b).
and  desert. Fig. 2 shows distributions of mean annual precipitation,
temperature, ET and GPP (Haverd et al., 2013a).
2.3. Measures of sensitivity of responses to drivers
The ﬂuxes and stores in the water and carbon balances, Eqs.
(1) and (2), constitute a set of response variables (outputs from the
land surface model) that depend on a set of exogenous driving vari-
ables (inputs to the model). Response variables include the ﬂuxes
e, q, fNPP, fRH and fNEP and the stores w, cPlant and cSoil. Any of these
is denoted generically by y(t), where t is time. The set of driving
variables, denoted by v(t), includes precipitation (p), temperature
(), atmospheric CO2 concentration (cA), solar irradiance (s), and
wind speed (u). Also, LAI is externally prescribed in BIOS2 and so
is treated here as a driver (noting that LAI is a property of the leaf
carbon store and therefore endogenous to the system in the larger
perspective of a model that prognoses LAI). For the present analysis,
the set of exogenous driving variables for sensitivity assessment is
taken to be v(t) = (p, , cA, s, u, LAI).
The  dependence of response variables upon driving variables
can be written generically as
y(t) = y[v(t)] (3)
where square brackets denote a functional (function of a function).
This relationship is determined by the solution of Eqs. (1) and (2),
obtained from BIOS2. A perturbation v in driving variables causes
a change y(t) in a response variable that is given by
y(t) = y[v(t) + v] − y[v(t)] (4)
Thus, y can be evaluated with a pair of model runs: one withunperturbed drivers v(t) (the reference run described above) and
the other with perturbed drivers v(t) + v.
We are concerned here with responses (y) to long-term
changes in driving variables (v) brought about by climate
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Fig. 2. Distribution on the Australian continental of mean annual precipitation (AWAP), mean annual temperature from average of daily maximum and minimum (AWAP),
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PT  (BIOS2) and GPP (BIOS2). Time period: 1975–2011. This ﬁgure appears in colour
hange or long-term climate variability, rather than shorter-term
esponses to interannual weather variability over a few years. To
haracterise these long-term responses we use different measures
f sensitivity for “fast” and “slow” response variables relative to a
ime scale for interannual weather variability.
Fast response variables: These include water ﬂuxes (e, q), the soil
ater store (w), and the fast-response carbon ﬂuxes (fGPP and fNPP).
esponse times for these variables are short, of the order of months.
veraged over a time scale long enough to suppress short-term
nterannual variability, y(t) approaches quasi-steady value
Y  = y[v(t) + V] − y[v(t)] (5)
n response to a steady perturbation V, where an overbar denotes
 time average over an appropriate interval and upper-case letters
enote time-averaged variables (Y = y(t)).
Using  Eq. (5), the sensitivity of a fast variable Y to a perturba-
ion Vj in one driver variable can be characterised by an elasticity
(Y, Vj), the quasi-steady fractional change in the time-averaged
esponse Y induced by a small steady fractional change in Vj:
(Y, Vj) =
Y/Y
Vj/Vj
(6)The elasticity is a dimensionless quantity, deﬁned entirely by
ime-averaged drivers and responses. The term “elasticity” has
een widely used in this sense in hydrology (e.g. Schaake, 1990;
otter and Chiew, 2011), following similar usage in economics. online version of the article.
Eq. (6) is appropriate for the drivers P (precipitation), S (solar
radiation), U (wind speed) and L (LAI), now denoted by upper-case
letters because of the focus on time-averaged quantities. However,
for drivers T (temperature) and CA (CO2 concentration), a fractional
change is not useful, so for these drivers the elasticity is deﬁned as:
(Y, T) = Y/Y
T
, (Y, CA) =
Y/Y
CA
(7)
with units K−1 for (Y, T) and ppm−1 for (Y, CA).
By  writing a Taylor expansion of Eq. (5) to ﬁrst order, the change
of Y in response to small changes Vj in multiple drivers can be
expressed approximately as
Y
Y
∼= (Y,  P)P
P
+ (Y, T)T + (Y, S)S
S
+ (Y, U)U
U
+  (Y, CA)CA + (Y, L)
L
L
(8)
where the approximation neglects second-order terms involving
products of perturbations (Vj Vk) and higher-order terms. In the
limit of small perturbations, all these terms become negligible rela-
tive to the ﬁrst-order (linear) terms. A great advantage of elasticities
as measures of sensitivity is the ability to combine sensitivities to
different drivers with Eq. (8).
To calculate elasticities for fast-response variables in prac-
tice, the following steady perturbations in driver variables were
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Fig. 3. Elasticities (E, Vj) for regional evapotranspiration (ET) and for its component ﬂuxes, (ETrans, Vj) (transpiration) and (ESoil , Vj) (soil evaporation), with drivers Vj taken
in turn as precipitation (P), temperature (T), CO2 concentration (CA), solar radiation (S), wind speed (U) and LAI (L). Elasticities are weighted as in Eq. (9), so that the weighted
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component elasticities (ETrans/E)(ETrans, Vj) and (ESoil/E)(ESoil , Vj) sum to the total 
olour in the online version of the article.
sed: P = −10%, T = +1 K, S = +5%, U = +50%, CA = +10 ppm,
L = +20%. The time averaging period was 1975–2011.
Slow response variables: These variables have long, multi-
ecadal response times to changes in drivers, because they involve
tores with long turnover times; examples include the soil C store
Soil, the biomass C store (cPlant) in forests, and the major C ﬂuxes
ependent on these stores, heterotrophic respiration (fRH) and NEP
fNEP).
For slow response variables y, perturbations y(t) from Eq.
4) do not approach quasi-steady values when averaged as in Eq.
5), because of long equilibration times. Therefore, elasticities are
ot useful. For slow variables we express sensitivities as fractional
hanges y(t)/Y0 in response to speciﬁed perturbations in the fullity (E, Vj). Order of bars for each region follows the legend. This ﬁgure appears in
history v(t) of the drivers, where Y0 is a suitable time-independent
normalising scale.
3.  Results: water cycle
3.1.  Evapotranspiration
All  variables in the water cycle are fast (Section 2.3) so that
sensitivities can be characterised by elasticities. ET is considered
ﬁrst because many of the primary effects of drivers on the water
cycle occur through ET, with subsequent consequences for other
quantities.
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Fig. 4. Spatial patterns of the component elasticities (ETrans, P) and (ESoil , P) for evapotranspiration to precipitation, in geographic coordinates (upper panels) and in mean
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The elasticities of total ET (E) and its components (ETrans and
Soil) are related for any driver Vj by the constraint E = ETrans + ESoil.
his implies that
(E, Vj) =
(
ETrans
E
)
(ETrans, Vj) +
(
ESoil
E
)
(ESoil, Vj) (9)
Fig. 3 shows (for the regions in Fig. 1 and the whole of Australia)
he elasticities of ET, transpiration and soil evaporation to six
rivers Vj (P, T, CA, S, U and L). The contributions of the compo-
ent elasticities (ETrans, Vj) and (ESoil, Vj) are weighted as in Eq.
9), so that they sum to the total elasticity (E, Vj).
Precipitation: The elasticity of ET to precipitation, (E, P), ranges
rom 0.3 (tropics) to 1 (desert), averaging 0.77 for the Australian
ontinent (Fig. 3, top panel). The component elasticities (ETrans,
) and (ESoil, P) are comparable except in the tropics where
(ETrans, P) is small, indicating that transpiration responds little to
hanges in precipitation in this region.
The spatial patterns of the component elasticities (ETrans, P)
nd (ESoil, P) are shown in Fig. 4, in geographic coordinates (upper
anels) and also in (T, P) coordinates deﬁned by mean annual tem-
erature and mean annual precipitation (lower panels). The plots in
T, P) coordinates are scatterplots of 1000 randomised grid cells (outthe same across each pair of upper and lower plots. Bins for colours are chosen to
in the online version of the article.
of 278,000 cells across the Australian continent) with the elastic-
ity indicated by colour. The broadly U-shaped distribution of these
points on the (T, P) plane arises because the wettest parts of the
Australian continent are in the cold southeast or the hot northeast.
Fig. 4 shows that the highest elasticities of transpiration to precip-
itation occur mainly in semi-arid (P < 600 mm y−1) environments,
most of which also have mid-range temperatures (T between 15
and 25 ◦C). For soil evaporation, high elasticities also tend to clus-
ter in dry environments, with a bias to warmer conditions relative
to the distribution for transpiration. Both elasticities exhibit sub-
stantial small-scale variability related to soil and vegetation types,
some of which is opposing in (ETrans, P) and (ESoil, P): for example,
(ETrans, P) is low and (ESoil, P) is high in the eastern part of Central
Australia.
Temperature: The elasticity of ET to temperature, (E, T), is pos-
itive, between 0.002 K−1 (tropics) and 0.015 K−1 (desert) (Fig. 3,
second panel). Unlike the elasticity of ET to precipitation, the
elasticity of ET to temperature is dominated by the transpiration
component of Eq. (9), except in the tropics. The spatial patterns of
the component elasticities (ETrans, T) and (ESoil, T) in geographic
and mean (T, P) coordinates (Fig. 5) are quite different to the cor-
responding patterns for elasticities to precipitation (Fig. 4), with
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tig. 5. Spatial patterns of the component elasticities (ETrans, T) and (ESoil , T) for ev
nnual (T, P) coordinates (lower panels). Details for colour bars as in Fig. 4. This ﬁgu
he largest elasticities for temperature occurring in wet conditions
here ET is primarily energy-limited, and the smallest in warm, dry
onditions where ET is strongly water-limited. As in Fig. 4, there is
ubstantial small-scale variability in (ETrans, T) and (ESoil, T), some
f which is in opposing directions.
CO2: The elasticity of transpiration to CO2 (scaled as in Eq. (9))
s negative, at about −0.00005 ppm−1 or −0.5% per 100 ppm for
he whole Australian continent (Fig. 3, third panel). The negative
lasticity occurs because of the increase in plant water use efﬁ-
iency as stomata close in response to rising CO2 (Leuning, 1995).
he corresponding scaled elasticity for soil evaporation is positive
Fig. 3, third panel) because of a coupling through soil moisture:
igher CO2 → lower transpiration → higher near-surface soil mois-
ure → higher soil evaporation. When these opposing component
lasticities are combined using Eq. (9), the result is a negative elas-
icity (E, CA) of ET to CO2, of smaller magnitude than the scaled
lasticity due (ETrans, CA) and with more spatial variability because
f dissimilar regional-scale variation in the opposing component
lasticities.Solar radiation and wind: The elasticities of ET to solar radiation
nd wind, (E, S) and (E, U), are respectively around 0.14 and
.015 for the Australian continent, with variation from substan-
ially higher values in wetter regions (tropics, cool temperate)anspiration to temperature, in geographic coordinates (upper panels) and in mean
ears in colour in the online version of the article.
to  near zero in deserts (Fig. 3, fourth and ﬁfth panels). Most of
the scatter between regions arises from the transpiration rather
than the soil evaporation components of the elasticities, (E, S)
and (E,
U).
LAI: The scaled elasticity of transpiration to LAI is positive
in all regions, while the scaled elasticity of soil evaporation to
LAI is negative and of similar magnitude. The opposing signs
arise because increasing LAI promotes transpiration but hinders
soil evaporation through shading and aerodynamic sheltering of
the soil. When these large but opposing component elasticities
are combined using Eq. (9), the resulting elasticity of ET to LAI,
(E, L), is small in magnitude (0.01 for Australia) and varying in
sign across regions, from around −0.02 in the tropics to +0.03 in
the cool temperate region.
3.2.  Runoff
Elasticities for runoff are closely related to the corresponding
elasticities for ET because of the constraint imposed by mass con-
servation of water, Eq. (1). In steady-state conditions, or as the
temporal averaging period becomes long, the change of soil mois-
ture (dw/dt) in Eq. (1) becomes much less than the inﬂow and
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Cig. 6. Elasticities (Q, Vj) for regional runoff and (W, Vj) for soil moisture to depth 0
CA), solar radiation (S), wind speed (U) and LAI (L). Order of bars for each region fol
utﬂow ﬂux terms for the soil column, so that P ≈ E + Q. Taking the
rivers Vj as independent (so that ∂Vj/∂Vk = 1 when j = k and 0 oth-
rwise), it follows that the elasticities (Q, Vj) for runoff and (E, Vj)
or ET are related by
(Q, Vj) = −
(
P
Q
−  1
)
(E, Vj) for drivers Vj other than P
(Q,  P) = P
Q
−
(
P
Q
−  1
)
(E, P) for drivers Vj = P
(10)
For all Australian regions (Fig. 1) the runoff–rainfall ratio P/Q
s signiﬁcantly greater than 1, so the ﬁrst of Eq. (10) implies that
(Q, Vj) is of opposite sign to (E, Vj) for drivers T, CA, S, U and L.
oting that (E, P) is positive and less than 1 (Fig. 3), the second of
q. (10) implies that (Q, P) is positive and a little less than P/Q.
Regional values for (Q, Vj), shown in Fig. 6 (left panels), con-
orm with the above expectations. The elasticity (Q, P) of runoff to
recipitation is 2.5 for Australia, ranging from 2 (desert) to 2.9 (cool
emperate region). Elasticities (Q, Vj) of runoff to temperature,
O2, solar radiation, wind and LAI (Vj = T, C, S, U, L) are of oppositewith drivers Vj taken in turn as precipitation (P), temperature (T), CO2 concentration
he legend. This ﬁgure appears in colour in the online version of the article.
sign  and 3–10 times the magnitude of their counterparts for ET,
(E, Vj); in particular, (Q, T) is negative and (Q, CA) is positive.
The  spatial patterns of (Q, P) and (Q, T) (Supplemen-
tary  Fig. S1) show that the largest positive values of (Q,
P) and the largest negative values of (Q, T) both occur in
mid-rainfall environments (P between 500 and 1000 mm  y−1),
largely independent of temperature. (Supplementary data asso-
ciated with this article can be found in the online version, at
http://dx.doi.org/10.1016/j.agrformet.2013.06.017.)
The elasticities of runoff to precipitation and temperature have
been determined empirically (Potter et al., 2012), using natural
variability in observed rainfall, runoff and temperature data from
34 gauged catchments in southeast Australia. In Fig. 7, we com-
pare these empirical estimates with model-based estimates from
the present work, with the model applied to each of the 34 catch-
ments at a grid resolution of 0.05◦ (≈5 km). The overall agreement
is satisfactory, with empirical estimates of the elasticity of runoff
to temperature, (Q, T), being slightly higher than our model-based
estimates in wet catchments. This may  be associated with remain-
ing anticorrelation in the data between variability in P and T after
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emoval of most of this anticorrelation by the empirical analysis
ethod (Potter et al., 2012).
.3. Soil moisture
The  column soil moisture (W) considered here is weighted over
epth by rates of root water extraction for transpiration (Haverd
t al., 2013a). Elasticities (W, Vj) for soil moisture to the six drivers
Vj = P, T, C, S, U, L) are shown at regional scale in Fig. 6 (right pan-
ls). Comparing the left and right panels in Fig. 6, it is evident that
or most drivers, the signs and regional patterns of the elasticities
(W, Vj) for soil moisture are remarkably similar to the correspond-
ng elasticities (Q, Vj) for runoff, but the magnitudes of (W, Vj) are
uch smaller than those of (Q, Vj). This similarity is broadly con-
rmed by a comparison of the detailed spatial patterns of (Q, P) and
(Q, T) (for runoff) and of (W, P) and (W, T) (for soil moisture) in
upplementary Figs. S1 and S2, respectively. (Supplementary data
ssociated with this article can be found in the online version, at
ttp://dx.doi.org/10.1016/j.agrformet.2013.06.017.)
In summary, changes in runoff and soil moisture in response
o any driver (P, T, C, S, U, L) are similar in sign and pattern but
uite different in magnitude, with relative responses of runoff being
ypically 3–10 times larger than those of soil moisture.
A recent study of global trends in drought as measured by soil
oisture (Shefﬁeld et al., 2012) found little long-term, global trendettest catchments on the left. This ﬁgure appears in colour in the online version of
in soil moisture over the last 60 years, in contrast with earlier work
(Dai et al., 2004) using temperature-based soil moisture indices.
The present result is consistent with recent ﬁndings (Shefﬁeld
et al., 2012) in that our estimated elasticities of soil moisture to all
drivers are relatively small. However, the elasticities for runoff –
an equally important hydrological property for deﬁning drought –
are much larger.
4.  Results: carbon cycle
4.1.  Gross primary production (GPP)
The fundamental driver of the terrestrial carbon cycle is Gross
Primary Production (GPP) FGPP, the net assimilation ﬂux of CO2
by plant photosynthesis. This is a fast variable (Section 2.3), so its
sensitivities can be characterised by elasticities.
Fig. 8 shows the spatial patterns of the elasticities (FGPP, P)
and (FGPP, T) of GPP to precipitation and temperature, respec-
tively. The elasticity of GPP to precipitation is signiﬁcant and
positive, being largest in low-precipitation, strongly water-limited
environments. The elasticity of GPP to temperature, (FGPP, T), is
signiﬁcantly negative, being largest in warm to hot environments.
This pattern is different from the equivalent elasticity of transpi-
ration to temperature, (E, T), which is positive and largest in wet
environments (Fig. 5).
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fig. 8. Spatial patterns of the elasticity (FGPP, P) of GPP to precipitation and elastici
nnual (T, P) coordinates (lower panels). Details for colour bars as in Fig. 4. This ﬁgu
.2. Net ecosystem production (NEP)
Net ecosystem production (NEP = NPP − RH) is a slow response
ariable because of the dependence of heterotrophic respiration
RH) on soil carbon stores with long turnover times. There-
ore we consider the sensitivities of NEP and its components
NPP and RH) by evaluating normalised responses (y(t)/Y0)
o speciﬁed changes in a time history of drivers v(t). Con-
ideration is restricted to CO2 and temperature because their
ong-term changes are relatively well known, in contrast with other
rivers.
The sensitivities are characterised here with two  experiments
sing BIOS2: (1) with rising CO2 and detrended (long-term steady)
emperature, and (2) with rising temperature and steady CO2.
n experiment 1, the rising CO2 time series was from sources
iven in Section 2.2. Long-term steady temperature series were
btained at each grid cell in the AWAP dataset (Jones et al., 2009)
y linearly detrending actual temperature data over 1911–2011,
o obtain temperature series with realistic interannual variability
ut no ﬁrst-degree trend. In experiment 2, the CO2 concen-
ration was held steady at a preindustrial value (280 ppm).
ncreasing temperature series were obtained by adding a uni-
orm temperature trend (dT/dt)Trend (over 100 years from 1911PP, T) of GPP to temperature, in geographic coordinates (upper panels) and in mean
ears in colour in the online version of the article.
onward)  to the detrended series used in experiment 1 (for which
(dT/dt)Trend = 0).
Fig. 9 shows the result of experiment 1 (rising CO2 with
detrended temperature) expressed as NPP/NPP0, RH/NPP0
and NPP/NPP0, where NPP = NPP − NPP0, RH = RH − RH0,
NEP = NEP − NEP0; a subscript 0 denotes a preindustrial value;
and NPP0 (the NPP at a preindustrial CO2 concentration of 280 ppm)
is used to normalise all quantities. Responses are plotted annu-
ally over 1800–2011, the industrial era in which CO2 has been
increased by human activities. Rising CO2 causes NPP to increase
above NPP0 by an enhancement NPP of about 16% of NPP0 in 2011.
RH increases less rapidly (because of delayed C accumulation in
respiring pools), leading to a positive NEP of about 5% of NPP0 in
2011. The main driver of these enhancements is CO2 fertilisation of
plant photosynthesis.
The  result of experiment 2 (steady CO2 and rising temperature)
is shown in the left panels of Fig. 10, using a uniform imposed
temperature trend (dT/dt)Trend of 1 K per 100 years, applied from
1911 onward. This is a little larger than the observed tempera-
ture change of about 0.8 K over the last century at most locations
over Australia (CSIRO and Bureau of Meteorology, 2012). Results
are plotted over 1911–2011, the period of the applied temperature
perturbation, with 22-year smoothing to show trends more clearly.
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CO emissions continue to rise, so an assumed increase of 100 ppm0
ime  increments. This ﬁgure is similar to Fig. 9 in Haverd et al. (2013b) except for
he use here of detrended temperature to remove effects of temperature increase.
his  ﬁgure appears in colour in the online version of the article.
he imposed temperature trend causes NPP for the Australian
ontinent to decrease by about 1% over 100 years (1911–2011),
ith signiﬁcant regional variation from larger decreases in hot-
er regions (savanna, tropics, desert) to increases in cooler regions
Mediterranean, cool temperate). RH changes little on average for
he Australian continent, but there is signiﬁcant regional variation,
s for NPP. These changes are the result of temperature effects on
oth the inﬂow rate of C from NPP into respiring pools, and also the
utﬂow rate through the temperature dependence of pool turnover
ates. The change in NEP (NEP = NPP − RH) is about −8% of
PP0 for the Australian continent at the last time point in Fig. 10
an average over 1990–2011), again with large regional variation
rom −11% (savanna) to −2% (cool temperate).We also investigate the dependence of the temperature-
rend responses of NPP, RH and NEP to the magnitude of
he imposed temperature trend (dT/dt)Trend. If the response isMeteorology 182– 183 (2013) 277– 291 287
linear,  then the normalised perturbations (NPP/NPP0, RH/NPP0
and NPP/NPP0) would be proportional to (dT/dt)Trend. In the
right panels of Fig. 10, the normalised perturbations are shown
with (dT/dt)Trend = 2 K per 100 years, scaled by (dT/dt)Trend
for direct comparison with the corresponding left panels;
that is, we plot NPP/NPP0 × [(dT/dt)Trend(Ref)/(dT/dt)Trend] with
(dT/dt)Trend(Ref) = 1 K per 100 years (as in the left panels) and
(dT/dt)Trend = 2 K per 100 years (and likewise for RH and NEP). This
demonstrates signiﬁcant nonlinearity in response: the NEP scaled
by (dT/dt)Trend is about −10.5% over 1990–2011 for the Australian
continent when (dT/dt)Trend = 2 K per 100 years, compared with −8%
when (dT/dt)Trend = 1 K per 100 years. Hence, nonlinearity is evident
in the response of NEP to a temperature trend, even in the transition
from a trend of 1 K to 2 K per 100 years.
The  spatial patterns in the responses NPP/NPP0 and
NEP/NPP0 to both CO2 and temperature (with (dT/dt)Trend = 1 K
per 100 years) are shown in more detail in Supplementary Figs.
S3 and S4, respectively. For both CO2 and temperature, these
responses have their largest magnitudes in hot, dry environments,
being positive for CO2 and negative for temperature. (Supplemen-
tary data associated with this article can be found in the online
version, at http://dx.doi.org/10.1016/j.agrformet.2013.06.017.)
5.  Implications
We  synthesise the implications of this work with a simple sen-
sitivity test for the responses of fast variables (ET, runoff, soil
moisture, GPP) to multiple drivers. For these variables, Eq. (8) spec-
iﬁes how a linearised response Y depends upon simultaneous
perturbations in multiple drivers. For illustration, we  use this equa-
tion to calculate contributions to changes in several important fast
variables (ET, runoff, soil moisture and GPP) resulting from a sce-
nario for assumed changes in multiple driver variables that are of
the order of magnitude expected over the next half century: pre-
cipitation (+5% and −5%), temperature (+1.5 K), CO2 (+100 ppm),
solar radiation (+2%), wind speed (−2%) and LAI (+5%). The pertur-
bations are applied uniformly across the Australian continent for
this exercise, recognising that future climate change will be far from
spatially uniform. The intent is to identify which drivers are likely to
produce signiﬁcant responses when the elasticities () determined
above are combined with typical expected perturbations in drivers
(Vj).
The rationale for the assumed perturbations is as follows.
Precipitation: Rainfall projections from global climate models
are highly uncertain, but yield increasing trends in total global
rainfall and in the tropics, and decreasing trends in mid-latitude
regions such as southern Australia (IPCC, 2007). A decrease in
Southern Australian rainfall has been observed over the last half
century and is now attributed to poleward expansion of tropical
and subtropical systems (Cai et al., 2012; Lucas et al., 2012).
Accounting for uncertainties and observed trends to date, per-
turbations of +5% and −5% are used for precipitation. An increase
of around 5% is typical of (highly scattered) climate projections
to 2050 for northern Australian regions (tropics, savanna) and
a with similar decrease for southern regions (cool temperate,
Mediterranean) (IPCC, 2007; Chiew et al., 2009a).
Other drivers: For temperature projections to 2050 a warming
of 1.5 K over 50 years (2000–2050) is representative of most
scenarios form the Fourth Assessment of the Intergovernmental
Panel on Climate Change (IPCC, 2007). The current growth rate in
atmospheric CO2 (just under 2 ppm per year) is likely to increase as2
over 50 years is conservative. A small increase of solar irradiance
(2% over 50 years) is assumed in response to projected decreases
in anthropogenic aerosol loads (IIASA, 2012). Wind speeds are
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peries are smoothed with a 22 years running mean to show trends more clearly, w
olour in the online version of the article.
ssumed to decrease slightly (2% over 50 years) in response to
ngoing “global stilling” (Vautard et al., 2010; McVicar et al., 2012).
AI is assumed to increase slightly (5% over 50 years) as leaf growth
s promoted by rising CO2, though many other factors may  perturb
AI in both directions.Fig.  11 shows to estimated fractional responses in ET, runoff,
oil moisture and GPP, with the above assumed perturbations and
lasticities from Sections 3 and 4.1. The response of ET (Fig. 11, top
anel) to precipitation (±5%) has a strong positive elasticity (higherints plotted in time at the centre of the smoothing interval. This ﬁgure appears in
precipitation  yields higher ET) and dominates responses to other
drivers in most Australian regions. Warming temperature (1.5 K)
and rising CO2 (100 ppm) cause opposing and nearly cancelling ET
responses, respectively positive and negative; these responses are
smaller in magnitude than the response to precipitation, except
in the cool temperate region where they are comparable. Other
drivers (solar radiation, wind speed, LAI) have smaller effects
on responses, with the changes in drivers assumed here. The
result in most regions is an ET response to the assumed drivers
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f about 4%, consistent with the continental average elasticity
(E, P) = 0.77.
The response of runoff is similar to that of ET but around 2.5
imes larger, with reversal of the sign of the response from that for
T for drivers other than P; see Eq. (10). The gain of the rainfall-to-
unoff ampliﬁer can be deﬁned as a total derivative:
(Q, P) = P
Q
dQ
dP
= P
Q
∂Q
∂P
+
∑
Vj /=  P
P
Q
∂Vj
∂P
∂Q
∂Vj
= (Q, P)
+
∑
Vj /=  P
(Vj, P)(Q, Vj) (11)
This accounts for changes Vj in other drivers that change
ogether with rainfall. In continental average, the gain g(Q, P) is
bout 2.1 and 2.9 with increments P of +5% and −5%, respectively.
The response of soil moisture is similar to that for runoff, but an
rder of magnitude smaller. the gain g(Q, W) of the rainfall-to-soil drivers (coloured bars) are combined using Eq. (8) to yield totals with precipitation
. Order of bars for each region follows legend. This ﬁgure appears in colour in the
moisture ampliﬁer (deﬁned similarly to Eq. (11)) is about 0.12 and
0.43 with increments P of +5% and −5%, respectively.
The response of GPP is dominated by the effect of CO2
(+100 ppm); this causes an increase in GPP of 8–13% (depending on
region). Temperature rise (+1.5 K) offsets about 1/3 of this increase
in most regions. The GPP response contrasts with the water-cycle
responses, which are dominated by precipitation.
For all response variables assessed in Fig. 11, the only signiﬁcant
drivers are precipitation, temperature and CO2; the effects of solar
radiation, wind speed and changes in LAI are small by comparison.
Changes in these drivers would need to be much larger than those
assumed here for their contributions to be signiﬁcant.6. Conclusions
We  can now resolve the four motivating questions stated in the
introduction. First, we  ﬁnd that ET increases with precipitation,
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ith an average elasticity (E, P) ≈ 0.77 for the Australian conti-
ent (Fig. 3). Also, ET increases with warming and decreases with
ising CO2, with the largest elasticities occurring in the cool tem-
erate region (Fig. 3). The temperature and CO2 responses nearly
ancel when combined with likely changes in drivers (Fig. 11).
stimated responses of ET to both warming and CO2 together are
uch smaller than the response to either driver alone, and also
uch smaller than the response to precipitation changes because
f the high elasticity of ET to precipitation (Fig. 11). In contrast
ith simple analyses that considered warming only (Karoly et al.,
003; Nicholls, 2004; Lockart et al., 2009), these results indicate
hat the responses of ET and other water ﬂuxes and stores to cli-
ate change involve offsetting interactions between temperature
nd CO2 effects.
Second, we ﬁnd that the gain g(Q, P) of the rainfall-to-runoff
mpliﬁer (Eq. (11)) is about 2.1 in response to a precipitation
ncrements P = +5%, and 2.9 in response to P = −5% (Australian
ontinental average ﬁgures), and is little affected by the combined
nﬂuences of warming and CO2 rise because they have offsetting
ffects, respectively increasing and decreasing g(Q, P).
Third,  we ﬁnd that soil moisture is affected much less than runoff
y all drivers. The signs and spatial patterns of elasticities for soil
oisture are similar to those for runoff, but magnitudes are lower
y nearly an order of magnitude. This suggests that warming does
ot greatly exacerbate soil-moisture-related drought, in contrast
ith Dai et al. (2004) and in broad agreement with Shefﬁeld et al.
2012). However, it also emphasises that soil moisture is not the
ost responsive variable in the water cycle to drought; rather, the
trongest response occurs in runoff.
Finally, we ﬁnd that net ecosystem production (NEP) – a slow
esponse variable, in contrast with the fast variables considered
bove – increases with rising CO2 but is simultaneously reduced
and nearly cancelled in aggregate) by warming. Larger rates
f warming lead to disproportionately larger reductions in NEP,
ecause of nonlinearities in responses. These NEP responses have
omplex regional patterns.
cknowledgments
We  thank South East Australian Climate Initiative, Phase 2
SEACI2) for support, and Drs. Pep Canadell and Ben Smith for use-
ul discussions. We  thank two anonymous referees for careful and
erceptive reviews that have greatly helped to improve the paper.
ost importantly, we wish to acknowledge the enormous inﬂuence
f Dr. Ray Leuning in the science of modelling and measuring the
iosphere–atmosphere exchanges of energy, water and carbon. It
s an honour to contribute this paper to a volume celebrating his
areer.
eferences
etts, R.A., Boucher, O., Collins, M.,  Cox, P.M., Falloon, P.D., Gedney, N., Hemming, D.L.,
Huntingford, C., Jones, C.D., Sexton, D.M.H., Webb, M.J., 2007. Projected increase
in  continental runoff due to plant responses to increasing carbon dioxide. Nature
448,  1037-10U5.
ai,  W.J., Cowan, T., Thatcher, M.,  2012. Rainfall reductions over Southern Hemi-
sphere  semi-arid regions: the role of subtropical dry zone expansion. Sci. Rep.
2, 702, http://dx.doi.org/10.1038/srep00702.
hiew, F.H.S., Teng, J., Vaze, J., Kirono, D.G.C., 2009a. Inﬂuence of global cli-
mate  model selection on runoff impact assessment. J. Hydrol. 379, 172–180,
http://dx.doi.org/10.1016/j.jhydrol.2009.10.004.
hiew,  F.H.S., Teng, J., Vaze, J., Post, D.A., Perraud, J.M., Kirono, D.G.C., Viney, N.R.,
2009b. Estimating climate change impact on runoff across southeast Australia:
method,  results, and implications of the modeling method. Water Resour. Res.,
45, http://dx.doi.org/10.1029/2008WR007338 (ARTN W10414).
SIRO,  Bureau of Meteorology, 2012. State of the Climate 2012. CSIRO,
Canberra,  Australia, pp. 12, http://www.csiro.au/Outcomes/Climate/
Understanding/State-of-the-Climate-2012.aspxMeteorology 182– 183 (2013) 277– 291
Dai, A., Trenberth, K.E., Qian, T.T., 2004. A global dataset of palmer drought sever-
ity  index for 1870–2002: relationship with soil moisture and effects of surface
warming.  J. Hydrometeorol. 5, 1117–1130.
Friedlingstein, P., Cox, P., Betts, R., Bopp, L., von Bloh, W.,  Brovkin, V., Cadule, P.,
Doney, S., Eby, M., Fung, I., Bala, G., John, J., Jones, C., Joos, F., Kato, T., Kawamiya,
M.,  Knorr, W.,  Lindsay, K., Matthews, H.D., Raddatz, T., Rayner, P., Reick, C., Roeck-
ner,  E., Schnitzler, K.G., Schnur, R., Strassmann, K., Weaver, A.J., Yoshikawa, C.,
Zeng, N., 2006. Climate-carbon cycle feedback analysis: results from the C4MIP
model  intercomparison. J. Climate 19, 3337–3353.
Gedney, N., Cox, P.M., Betts, R.A., Boucher, O., Huntingford, C., Stott, P.A., 2006. Detec-
tion of a direct carbon dioxide effect in continental river runoff records. Nature
439,  835–838.
Grant, I., Jones, D., Wang, W.,  Fawcett, R., Barratt, D., 2008. Meteorological and
remotely  sensed datasets for hydrological modelling: a contribution to the
Australian  Water Availability Project. In: Proceedings of the Catchment-scale
Hydrological Modelling & Data Assimilation (CAHMDA-3) International Work-
shop  on Hydrological Prediction: Modelling, Observation and Data Assimilation,
January  9 2008–January 11 2009.
Haverd, V., Cuntz, M.,  2010. Soil-litter-iso: a one-dimensional model for coupled
transport  of heat, water and stable isotopes in soil with a litter layer and root
extraction.  J. Hydrol. 388, 438–455.
Haverd, V., Raupach, M.R., Briggs, P.R., Canadell, J.G., Isaac, P., Pickett-Heaps, C.,
Roxburgh, S.H., van Gorsel, E., Viscarra-Rossel, R., Wang, Z., 2013a. Multiple
observation  sets reduce uncertainty in Australia’s terrestrial carbon and water
cycles. Biogeosciences 10, 2011–2040.
Haverd, V., Raupach, M.R., Briggs, P.R., Canadell, J.G., Davis, S.J., Law, R.M., Meyer,
C.P.,  Peters, G.P., Pickett-Heaps, C., Sherman, B., 2013b. The Australian terrestrial
carbon  budget. Biogeosciences 10, 851–869.
IIASA, 2012. RCP Database (version 2.0). International Institute for
Applied  Systems Analysis http://www.iiasa.ac.at/web-apps/tnt/RcpDb/
dsd?Action=htmlpage&page=about (accessed 17.06.12).
IPCC,  2007. Climate change 2007 (I): the physical science basis. In: Solomon, S.,
Qin, D., Manning, M.,  Chen, Z., Marquis, M.,  Averyt, K.B., Tignor, M., Miller, H.L.
(Eds.),  Contribution of Working Group I to the Fourth Assessment Report of
the  Intergovernmental Panel on Climate Change. Cambridge University Press,
Cambridge,  UK/New York, NY, USA, p. 996.
Jones, D.A., Wang, W.,  Fawcett, R., 2009. High-quality spatial climate data-sets for
Australia. Aust. Meteorol. Oceanogr. J. 58, 233–248.
Karoly, D.J., Risbey, J.S., Reynolds, A., 2003. Global warming contributes to Australia’s
worst  drought. In: Research Report. World Wildlife Fund, Sydney, Australia.
Keeling, C.D., Piper, S.C., Bacastow, R.B., Wahlen, M.,  Whorf, T.P., Heimann, M.,  Mei-
jer, H.A., 2001. Exchanges of atmospheric CO2 and 13CO2 with the terrestrial
biosphere  and oceans from 1978 to 2000. I: global aspects. In: SIO Reference
Series,  No. 01-06. Scripps Institution of Oceanography, San Diego, pp. 88.
Labat, D., Godderis, Y., Probst, J.L., Guyot, J.L., 2004. Evidence for global runoff increase
related to climate warming. Adv. Water Resour. 27, 631–642.
Larsen,  S.H., Nicholls, N., 2009. Southern Australian rainfall and the subtropi-
cal  ridge: variations, interrelationships, and trends. Geophys. Res. Lett., 36,
http://dx.doi.org/10.1029/2009GL037786 (ARTN L08708).
Le  Quéré, C., Raupach, M.R., Canadell, J.G., Marland, G., Bopp, L., Ciais, P., Conway,
T.J.,  Doney, S.C., Feely, R.A., Foster, P., Friedlingstein, P., Gurney, K.R., Houghton,
R.A.,  House, J.I., Huntingford, C., Levy, P.E., Lomas, M.R., Majkut, J., Metzl, N.,
Ometto,  J., Peters, G.P., Prentice, I.C., Randerson, J.T., Running, S.W., Sarmiento,
J.L.,  Schuster, U., Sitch, S., Takahashi, T., Viovy, N., van der Werf, G.R., Wood-
ward,  F.I., 2009. Trends in the sources and sinks of carbon dioxide. Nat. Geosci.
2,  831–836, http://dx.doi.org/10.1038/NGEO689.
Leuning,  R., 1995. A critical appraisal of a combined stomatal-photosynthesis model
for C-3 plants. Plant Cell Environ. 18, 339–355.
Leuning, R., Dunin, F.X., Wang, Y.P., 1998. A two-leaf model for canopy conduc-
tance,  photosynthesis and partitioning of available energy. II: comparison with
measurements. Agric. For. Meteorol. 91, 113–125.
Lloyd, J., Taylor, J.A., 1994. On the temperature dependence of soil respiration. Funct.
Ecol. 8, 315–323.
Lockart, N., Kavetski, D., Franks, S.W., 2009. On the recent warming in the Murray-
Darling  Basin: land surface interactions misunderstood. Geophys. Res. Lett., 36,
http://dx.doi.org/10.1029/2009GL040598 (ARTN L24405).
Lucas,  C., Nguyen, H., Timbal, B., 2012. An observational analysis of Southern Hemi-
sphere tropical expansion. J. Geophys. Res. Atmos. 117.
MacFarling Meure, C., Etheridge, D.M., Trudinger, C.M., Steele, P., Langenfelds,
R.,  van Ommen, T., Smith, A., Elkins, J., 2006. Law Dome CO2, CH4, and
N2O ice core records extended to 2000 years BP. Geophys. Res. Lett., 33,
http://dx.doi.org/10.1029/2006GL026152 (ARTN L14810).
McVicar,  T.R., Roderick, M.L., Donohue, R.J., Li, L.T., Van Niel, T.G., Thomas, A., Grieser,
J., Jhajharia, D., Himri, Y., Mahowald, N.M., Mescherskaya, A.V., Kruger, A.C.,
Rehman, S., Dinpashoh, Y., 2012. Global review and synthesis of trends in
observed  terrestrial near-surface wind speeds: implications for evaporation. J.
Hydrol. 416, 182–205.
Nicholls,  N., 2004. The changing nature of Australian droughts. Climatic Change 63,
323–336.
Potter, N.J., Chiew, F.H.S., 2011. An investigation into changes in climate
characteristics causing the recent very low runoff in the southern Murray-
Darling  Basin using rainfall–runoff models. Water Resour. Res. 47, W00G10,
http://dx.doi.org/10.1029/2010WR010333.
Potter,  N.J., Petheram, C., Zhang, L., 2012. Sensitivity of Streamﬂow to Rainfall
and  Temperature in South-Eastern Australia during the Millennium Drought,
http://www.mssanz.org.au/modsim2011/I6/potter.pdf
orest 
R
R
R
R
S
S
SM.R. Raupach et al. / Agricultural and F
aupach, M.R., 1998. Inﬂuences of local feedbacks on land-air exchanges of energy
and carbon. Global Change Biol. 4, 477–494.
aupach, M.R., 2010 December. Water in the Murray-Darling Basin: the ﬁnite-planet
challenge in microcosm. In: AGU Hydrology Section Newsletter., pp. 9–11.
aupach, M.R., Rayner, P.J., Barrett, D.J., DeFries, R.S., Heimann, M.,  Ojima, D.S.,
Quegan, S., Schmullius, C.C., 2005. Model-data synthesis in terrestrial carbon
observation:  methods, data requirements and data uncertainty speciﬁcations.
Global  Change Biol., 11:10.1111/j.1365-2486.2005.00917.x.
aupach, M.R., Briggs, P.R., Haverd, V., King, E.A., Paget, M., Trudinger, C.M., 2009.
Australian Water Availability Project (AWAP), CSIRO Marine and Atmospheric
Research  Component: ﬁnal report for phase 3. In: CAWCR Technical Report No.
13. Centre for Australian Weather and Climate Research (Bureau of Meteorology
and  CSIRO), Melbourne, Australia, pp. 67.
chaake, J.C., 1990. From climate to ﬂow. In: Waggoner, P.E. (Ed.), In Climate Change
and U. S. Water Resources. Wiley, New York, pp. 177–206.hefﬁeld, J., Wood, E.F., Roderick, M.L., 2012. Little change in global drought over the
past 60 years. Nature, 491, http://dx.doi.org/10.1038/nature11575.
itch, S., Huntingford, C., Gedney, N., Levy, P.E., Lomas, M.,  Piao, S.L., Betts, R., Ciais, P.,
Cox, P., Friedlingstein, P., Jones, C.D., Prentice, I.C., Woodward, F.I., 2008. Evalu-
ation  of the terrestrial carbon cycle, future plant geography and climate-carbonMeteorology 182– 183 (2013) 277– 291 291
cycle feedbacks using ﬁve dynamic global vegetation models (DGVMs). Global
Change  Biol. 14, 2015–2039.
Tuzet,  A., Perrier, A., Leuning, R., 2003. A coupled model of stomatal conductance,
photosynthesis  and transpiration. Plant Cell Environ. 26, 1097–1116.
Ummenhofer,  C.C., Sen Gupta, A., Briggs, P.R., England, M.H., McIntosh, P.C., Mey-
ers, G.A., Pook, M.J., Raupach, M.R., Risbey, J.S., 2011. Indian and Paciﬁc Ocean
inﬂuences  on Southeast Australian drought and soil moisture. J. Climate 24,
1313–1336,  http://dx.doi.org/10.1175/2010JCLI3475.1.
Vautard,  R., Cattiaux, J., Yiou, P., Thepaut, J.N., Ciais, P., 2010. Northern Hemisphere
atmospheric  stilling partly attributed to an increase in surface roughness. Nat.
Geosci. 3, 756–761.
Wang,  Y.P., Leuning, R., 1998. A two-leaf model for canopy conductance, photosyn-
thesis  and partitioning of available energy I: model description and comparison
with  a multi-layered model. Agric. For. Meteorol. 91, 89–111.
Wang,  Y.P., Law, R.M., Pak, B., 2010. A global model of carbon, nitrogen and phos-
phorus  cycles for the terrestrial biosphere. Biogeosciences 7, 2261–2282.
Wang, Y.P., Kowalczyk, E., Leuning, R., Abramowitz, G.,  Raupach, M.R., Pak, B., van
Gorsel, E., Luhar, A., 2011. Diagnosing errors in a land surface model (CABLE)
in  the time and frequency domains. J. Geophys. Res. Biogeosci. 116, G01034,
http://dx.doi.org/10.1029/2010JG001385.
